An experimental study of flow boiling heat transfer and pressure drop was conducted using R245fa in stainless steel, brass and copper tubes of 1.1 mm internal diameter. Experimental conditions include: mass flux range 100-400 kg/m 2 s, heat flux range 10-60 kW/m 2 , pressure of 1.8 bar and exit vapour quality range 0-0.95. The tube surfaces were compared using scanning electron microscopy (SEM) and surface data acquired from confocal laser microscopy (CFLM), both showing differences between the surfaces. The heat transfer coefficient is similar in magnitude for all three materials but with a slight variation in trend. The heat transfer coefficient is seen to peak at high vapour qualities for stainless steel and brass, which is less evident with copper. The results were compared with past heat transfer correlations. These results showed better agreement with stainless steel compared to copper and brass. The pressure drop was shown to differ with surface characteristics, with the pressure drop for brass having a much steeper increase with heat flux. The pressure drop correlations tested did not show good agreement with the experimental results.
Introduction
In recent years, more research is being dedicated to understand flow boiling fundamentals in microchannels as a result of an increasing demand for cooling of high heat flux systems. With the reduction in channel diameter, the surface tension force dominates over gravity and thus new flow boiling characteristics can arise. Additionally, the effects of surface characteristics become increasingly important, Kandlikar [1] . Recently, Karayiannis et al. [2] presented flow boiling heat transfer rates in 1.1 mm seamless cold drawn and welded stainless steel tubes with R134a. The surfaces were analysed using scanning electron microscopy and were found to differ greatly. This resulted in differences in the heat transfer coefficient as a function of heat flux and local vapour quality. The effect of heat flux on the heat transfer coefficient was not clear for the welded tube and the trend with local vapour quality indicated sharp increases and decreases. In contrast, a clear heat flux effect was detected for the cold drawn tube, i.e. the heat transfer coefficient increased with heat flux and was constant with quality in the pre-dryout region. Flow visualisation showed differences in flow patterns at low heat fluxes [2] . They reported that surface characteristics could be one of the reasons for discrepancies in the results published by various research groups.
Differences in the inner surface characteristics of metallic tubes can be attributed to the material used (ductile versus hard) and the method of manufacture (cold drawn versus welded). Tubes that are either made of ductile materials or made by welding may have smooth surfaces whereas cold drawn seamless tubes made of hard material may have rough surfaces with many scratches. These scratches can act as cavities, which are important for bubble nucleation. Surface characteristics are also expected to affect the pressure drop when the flow is turbulent. The friction factor for laminar flow is a function of the Reynolds number while the turbulent friction factor is also a function of the pipe roughness. In microchannels, the largest contributor to pressure drop is friction, see [3] , which will be affected by surface characteristics.
As mentioned above, surface effects are significant in flow boiling at the micro scale level [1, 2] . However, surface parameters that are important need further clarification. Liu [4] investigated flow boiling heat transfer with stainless steel, brass and copper test sections and reported no significant effect of test section material. In a report published before [1] , Kandlikar and Spiesman [5] reported a similar conclusion. They found that although the roughest surface (based on the average roughness) did perform generally better, there was no definite trend. Also, they concluded that the heat transfer performance was dependent on the number of cavities and the cavity size distribution rather than the average roughness. Jones and Garimella [6] conducted experiments with deionised water in ten parallel channels to investigate the influence of surface roughness on heat transfer and pressure drop in microchannels. Three channels with average roughness values of 1.4, 3.9 and 6.7 lm were tested. The results showed little effect of surface roughness on boiling incipience, critical heat flux, wall superheat and heat transfer coefficient at low heat fluxes. However, at heat fluxes above 1500 kW/m 2 , the two rougher surfaces gave different results with the heat transfer coefficient being 20-35% higher than that of the smoothest surface. The measured pressure drop was higher for the roughest surface. The study concluded that under certain circumstances, the surface roughness did have an influence on the flow boiling heat transfer coefficient and pressure drop. A study by Alam et al. [7] also concluded that the surface roughness has an influence on the heat transfer and pressure drop in flow boiling as well as on flow stability. This study used deionised water in silicon parallel channel heat sinks with gap dimensions of 500, 300 and 200 lm, with an original average surface roughness of 0.6 lm, which was further modified to 1 and 1.6 lm. Bubble nucleation site density and heat transfer coefficients were seen to increase with surface roughness but the pressure drop was not influenced. For the larger diameter heat sink, the inlet pressure fluctuations increased with surface roughness. However, the rougher surfaces did have a more uniform wall temperature. This was thought to be due to the higher nucleating bubble density, which led to a lower wall temperature. Zou and Jones [8] investigated the effect of heating surface material on subcooled flow boiling heat transfer. The study focused on how bubble dynamics, including the bubble growth rate and bubble departure size, the nucleation site density and the heat transfer coefficient changed for stainless steel and copper using R134a. They found that the heat transfer coefficient was affected by the material, although this had a minimal effect on the bubble dynamics. Copper was deemed to be the better material, giving higher heat flux values at a given wall superheat. This difference was attributed to the difference in thermal conductivities of the materials rather than the surface characteristics resulting from material changes.
A common problem faced by the research community when comparing surface characteristics is the method by which the surface characteristics are measured. Contact and non-contact measurements will differ due to the influence of the stylus. Another important factor is the way that the measurements are processed. The technique used for surface readings will affect the results, due to both the actual method of measurement and the standardisation of the method. For contact measurements using a stylus, the resolution of the surface readings are a function of the stylus dimensions. The tip of the stylus is run along the length of the surface, with the readings based on the tip deflection. There are limitations to this method, relating to the size of the stylus which restricts access to small channels and the size of the smallest possible surface characteristics that can be detected. If the stylus is not able to enter into a cavity, it may give misleading results about the severity of the peaks. The stylus method may also lead to 'rounding' of cavities as corners cannot be entered by a rounded stylus tip. The use of optical techniques can give further details on the depth of these cavities without the limitation of the stylus radius. However, both of these processes have limitations in detecting true surface characteristics, which are important to flow boiling. Nucleation sites which are narrower at the surface but then increase in cross sectional area or volume, i.e. a re-entrant cavity, could not be detected by either technique [9] . Narrow but deep cavities may also not be detected due to the limitations of both contact and non-contact methods. If the cavity is at an angle, the stylus would not be able to enter and the cavity may not be detected. The angle of the laser, such as that used with confocal laser microscopy (CFLSM), to the surface would dictate how narrow cavities are detected. If the laser is not perpendicular to the cavity, it is possible due to laser scattering to give a false reading on the true depth of the cavity. Roughness parameters are calculated after the waviness and profile (or form) are removed by filtering, see Fig. 1 . The profile is the general shape of the surface. The surface will never be truly flat due to inaccuracies in machining or stress patterns. The waviness is a measure of the curvature of the surface due to the manufacturing process and this may be deliberate or due to process instability. The roughness is a measure of the smaller surface defects caused by cutting tools or the structure of the material [11] . The difference between the waviness and roughness values is a subjective matter, which is based on the application of the surface [12] . Filtering is a method of segregating the roughness, waviness and profile based on a certain wavelength and should allow an estimate of the actual surface roughness, not affected by surface waviness or profile. The smallest wavelength will be roughness as this is a finer surface detail and the surface profile will have the largest wavelength, see Fig. 1 . Filtering is based on the transverse length, assessment (evaluation) length and sampling length (cut-off length), see Fig. 2 . The cut-off is the length used for filtering and for identifying the irregularities characterising the surface [13] and is based on the measurements and the nature of the surface, not its geometrical properties [14] . It should also be based on the profile wavelength and not the evaluation length (see Fig. 2 ). The cut-off and the sampling length are not necessarily always the same [10] , However, for roughness evaluation, see Fig. 2 , these two parameters have the same value and are treated the same for the rest of this paper. The evaluation length should be approximately 5 times the cut-off, [11] .
Depending on the method used for analysis and the type of filtering, one or two sampling lengths are removed from either end of the traverse length at the start of the analysis [11] . The traverse length should be 6-7 times greater than the cut-off length [15] . The wavelengths available for surface analysis are limited by the technique employed. As previously stated, the traverse and evaluation lengths, seen in Fig. 2 , are a multiple of the cut-off but they are also in turn limited by the capability of the machine. For both contact and non-contact techniques, there is a maximum and a minimum distance that can be travelled as well as a limitation due to the actual physical length of the sample placed on the instrument. For example, a traverse length of 10 mm results in an appropriate cut-off of 1.4 mm. In the study of microchannel roughness, this is a large cut-off, which would not give an accurate representation of the finer surface characteristics.
Increasing the cut-off filter allows for a larger bandwidth to be classed as roughness instead of waviness and this will give inflated amplitude Ra values [16] , see Fig. 3 , where Ra is the arithmetic mean of the absolute ordinance across the sampling length (integral of roughness profile divided by length). As seen in the figure, the roughness values for the same surface decrease with the cutoff value. When the cut-off value is increased, more data is considered to be part of the roughness that may have previously been considered to be waviness. This will inflate the surface roughness values. On the other hand, a low cut-off can result in surface features being lost as only a small range of data is considered to be roughness.
Filtering is applied when processing the data, but the settings of the instrument when scanning will also affect the readings [18] . The resolution and scan size, the latter being the width along the scan, will have an impact on the readings. The surface is divided into a grid, with the measurements based on the average of each grid co-ordinate. The higher the number of grid co-ordinates set, the higher the resolution of the results. If the scan size is too large, then the grids will also be large and the resolution will be lower.
Surface parameters, are segregated into four groups, namely: amplitude, spatial, hybrid and functional parameters [11] . All these types include the roughness, R, waviness, W and primary profile, P, readings, see Fig. 1 . The primary profile is the total profile with short wavelength filtering, which will remove noise and slanting when the readings are taken. The waviness and roughness profiles are both derived from the primary profile and are intentionally modified. The filters applied actually use multiple cut-offs to fully define the surface. This refers to the use of the Guassian filter, defined in ISO 11562-1996, where the filtering process requires a wavelength to be removed from the profile for parameters to be evaluated. The cut-off, which has previously been discussed, can be referred to as k c [15] . Recorded wavelengths below k c are classified as roughness and above as waviness. Further cut-offs include k f ; which defines the boundary between the waviness and the profile. The waviness profile is found by removing k f and k c components. If only k f is removed, the roughness profile can be found. The effectiveness of a heat transfer surface has traditionally been compared using average surface roughness (Ra), an amplitude measurement, but it is now thought that this is not adequate for defining surface characteristics [10] and their effect on heat transfer rates since it allows for surfaces with different structures to have the same average roughness value, see Kandlikar and Schmitt [20] studied the effect of surface roughness on pressure drop in single phase flow and proposed three surface roughness parameters for characterisation of the surface, the maximum profile peak height, Rp, mean spacing of the profile irregularities Rsm (average of the Sm values) and the floor distance to the mean line, Fp, see Fig. 5 . The floor profile mean line is the mean of all of the values, which fall below the main profile mean line. Rp and Rsm are predefined parameters from ASME B46.1-2002 [21] but Fp is a new parameter which is calculated from the 2D line plot data. Kandlikar and Schmitt [18] defined the equivalent roughness which can then be estimated from . Three distinctly different surfaces with the same average roughness value [19] . and can be used as an alternative to the average roughness. Young et al. [22] concluded that e Fp was a superior method of defining a surface when compared with average roughness, Ra. They found that many materials have a similar average roughness value but the e Fp values varied greatly.
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There are three types of surface features, namely the profile peak (Rp) as above, profile valley (Rv) and profile elements, the latter is used to define Rsm, [23] , see Figs. 5 and 6. The profile element is the length indicating where the profile, crosses the mean line, when changing in the same direction. The insignificant profile elements, usually caused by noise, for both the height and sampling length (see Fig. 2 for sampling length) need to be eliminated before the Rsm can be calculated. Profile elements with a height less than 10% of the Rz (average maximum height) and spacing of less than 1% of the sampling length are removed. Rz is Rp + Rv for the sampling length or the average maximum height [23] , see Fig. 6 . Rz is commonly used in pool boiling when defining a heater surface. Some may also use the ''ten point'' Rz value, which is similar to Rz but uses the average of the ten highest and lowest peaks and valleys of one of five sampling lengths. The final ''ten point'' value given is the average of all five samples [24] . O'Hanley [25] conducted a study into the effects of surface characteristics in pool boiling, characterising the surface as rough or smooth based on the ''ten point'' Rz values and the Ra values. For a smooth surface, Ra < 0.1 and Rz < 1 and a rough surface has Ra > 1 and Rz $ 15. This study noted that if a surface comprises mainly of extrusions and not valleys, the Rz value will approach that of Ra. Therefore, the Ra and Rz values together give information about the structure of the roughness which the Ra value alone would not provide. As previously seen from Fig. 4 , surfaces with different characteristics can have the same Ra values but they will differ in Rz value. The Rmax value, the difference in the maximum and minimum height across the profile, is also compared with Rz, where a similar value for Rz and Rmax suggests that the surface has one large peak or valley, which may be a surface flaw.
The present experimental study investigates flow boiling characteristics of R245fa using different metallic tubes, which have different surface characteristics. The experiments are conducted using stainless steel (Grade 304), brass (62% copper and 26% zinc) and copper (99% purity) tubes of 1.1 mm inside diameter. The surfaces of the test sections were compared using a SEM and with CFLM. Readings include the average surface roughness (Ra) and 2D profiles. Flow boiling heat transfer and pressure drop measurements were carried out. Experimental conditions include: mass flux range 100-400 kg/m 2 , heat flux range 10-60 kW/m 2 , inlet pressures of 1.8 and 2.4 bar and exit vapour quality range 0-0.95.
Experimental facility and procedure
The test facility was originally used to investigate the effect of channel diameter on flow boiling heat transfer using R134a [26] .
The current experiments use R245fa as the working fluid to investigate the effect of channel material on flow boiling heat transfer and pressure drop in vertical tubes. Brass, stainless steel and copper test sections, all cold drawn seamless tubes of 1.1 mm internal diameter, are used. The internal channel diameter measurement has an uncertainty of 0.86-1.46%. A calming section is used to ensure that the flow is fully developed at the entry to the heated test section and the flow patterns are visualised through a borosilicate observation section using a high speed camera, which records 1000 frames per second with a resolution of 512 Â 512 pixels. DC current is applied to copper electrodes at the inlet and outlet of the test sections for direct heating. A Yokogawa power meter WT110 (accuracy of 0.29%) is used to measure the supplied power. PTFE is used to electrically insulate the test section. Fourteen equidistance K-type thermocouples measure the outside wall temperature with a mean absolute error of ±0.23 K. The inlet and outlet fluid temperatures are measured using T-type thermocouples with an accuracy of ±0.18 K. Pressure transducers are used to measure the inlet and outlet pressures with an accuracy of ±1.5% and the pressure drop with an accuracy of ±0.08%. Fig. 7 presents a schematic diagram of the test section.
Temperature and pressure readings, captured via two data loggers and Labview, were recorded for 90 s and averaged to reduce random errors. Data were only recorded when the system was deemed to be at steady state, based on the oscillations in mass flow rate and temperature, see [2] . A single phase test is conducted at the start of each experiment to calculate the single phase Fanning friction factor (f) and the heat loss (Q loss ). The heat loss is calculated using a thermal loss coefficient (C L ), estimated during the single phase experiments and the average temperature difference across the insulation, see Eqs. (2)-(4). The inside temperature (T w,J ) and outside temperature (T ins,0 ) of the heated section insulation is measured using K-type thermocouples. The calculated heat loss was used to calculate the heat flux to the tube wall, see Eq. (6).
In all subsequent experiments the heat loss is then obtained by measuring the DT and multiplying by the loss coefficient.
The local single phase heat transfer coefficient is given as: The internal local wall temperature is calculated from the steady state one dimensional heat conduction equation with internal heat generation, see Eq. (8), at specific locations, i.e. at the fourteen thermocouple points. The fluid temperature is calculated with an energy balance, Eq. (9).
The local two phase heat transfer coefficient is based on the saturated temperature, see Eq. (10).
The local saturated temperature is a function of the subcooled length and the local pressure. The pressure drop across the test section is assumed to be linear, see [27, 28] . For a different approach, see also Bortolin et al. [29] . The subcooled length is found from iteration of Eqs. (11)- (15) .
Pðz sub Þ ¼ P in À DP sp ð13Þ
The local enthalpy is given by Eq. (16) and can be calculated from an energy balance and the inlet enthalpy, which is based on the local pressure (Eq. (15)). This in turn can be used to calculate the local vapour quality, Eq. (17).
The test section is directly heated with the voltage and current applied used to calculate the heat flux (Eq. (2)). The resistivity of brass and copper is lower than stainless steel. For example, a much lower voltage, 15 times lower, is applied for the same current with brass compared to stainless steel. Due to this, the maximum heat flux of brass and copper is lower than stainless steel. Therefore, a comparison of the two materials is based on a lower heat flux range than is possible with stainless steel. Also, the experiments for brass and copper were seen to be considerably more unstable at increasing heat flux, i.e. the inlet conditions became more difficult to control. Therefore the tests had to be stopped for copper and brass tubes before dryout at all mass flux values (100-400 kg/m 2 s) and high heat flux values (greater than 20 kW/m 2 ). Experiments with stainless steel were possible until dryout at mass fluxes of 100-300 kg/ m 2 s, but were stopped before dryout for a mass flux of 400 kg/ m 2 s, i.e. possible up to a heat flux of 30 kW/m 2 .
The results were compared with correlations for both heat transfer and pressure drop. The comparison of correlations are based on the percentage of data (b) predicted within ±30% and the mean absolute percentage error (MAE) defined as
The single phase experimental Fanning friction factor and Nusselt number were plotted against the Reynolds number and compared with known single phase relationships for both laminar and turbulent flow. The laminar single phase friction factor was compared with the laminar flow theory to good agreement, see Fig. 8 . The uncertainty for the Reynolds number was calculated to be 15% on average, based on the method by Coleman and Steele [30] . The turbulent region was compared with Blasius [31] and Choi et al. [32] . The Choi et al. [32] correlation had better agreement with the brass and the Blasius [31] correlation better for stainless steel; both correlations had equally good agreement with the copper friction factor. Fig. 9 represents the single phase Nusselt number compared with correlations from literature. The Choi et al. [32] correlation is for both laminar and turbulent flow but is seen to under predict the Nusselt number in the laminar region and over predict in the turbulent region for all materials. The Shah and London [33] correlation showed good agreement with the laminar Nusselt number. The correlations by Adams et al. [34] , Gnielinski [35] and Petukhov [36] all over predicted with increasing Reynolds number. The Dittus and Boelter [37] correlations showed the best agreement for all the materials.
From Figs. 8 and 9 , it can be concluded that the experimental methodology is suitable and the measurements are taken to a good accuracy. The maximum experimental uncertainty was calculated as 1.8% for the single phase and 8.4% for the two phase heat transfer coefficient. The uncertainty of the measured pressure drop is ±0.07%. 
Results and discussion
Surface characteristics
The initial stage of surface comparison was to visually compare the surfaces using SEM and as seen in Fig. 10 , the surfaces had different surface structures. To ensure that any imperfections were consistent with the material and manufacturing process, samples from different tubes were used for analysis. The surfaces were cleaned with acetone before scanning to remove any dirt, which may appear as surface imperfections. The SEM scans also allowed for a chemical analysis of the surface data to be done and this verified that the correct material was being used. The stainless steel surface is shown to have deposits on the surface but the results from the chemical analysis showed no foreign substance on the surface. These deposits were evident on all of the stainless steel samples, suggesting that they are a result of the manufacturing method. The brass surface has a flaky structure with horizontal cracks and surface imperfections. The copper surface has a smoother structure in comparison and does have 'stretches' from being cold drawn. All of the channels are seamless cold drawn but the surface characteristics as a result of this process differ between the materials.
The use of CFLM allowed for the average surface roughness and other surface parameters to be recorded, see Table 1 and the 2D profile of the surfaces depicted in Fig. 11 . The primary profile (red line) is unaffected by the cut-off wavelength. Multiple cutoff wavelength filters were tested, showing a change in Ra, Rp and Rt of up to 30%. The surface roughness and the waviness will depend on the cut-off wavelength being applied. When a cut-off wavelength is set, any surface features with a wavelength larger than the cut-off will be classed as waviness and smaller classed as surface roughness. As mentioned earlier, the surface roughness can be seen as the fine detail of the surface [38] . The values for maximum profile peak (Rp) and maximum height (Rt) are higher for brass but this may be due to imperfections on the surface which bias the result, as can be seen in Fig. 9. Fig. 10b shows a greater variation in the surface profile for the stainless steel tube but a lower surface roughness. Since the surface roughness is a measure of the finer micro surface structure this leads to the conclusion that stainless steel has less variation in the micro structure than copper and brass, which can affect the shape and number of nucleation sites. In contrast to the findings of Young et al. [22] , see introduction, there was a greater difference in average roughness values than equivalent roughness, i.e. e Fp for stainless steel and brass was calculated from Eq. (1) to be 2.9 lm and 2.4 lm for copper but the average roughness values were significantly different, with the brass values almost double that of stainless steel, see Table 1 . All the roughness parameters compared (Ra, Rq, Rp, Rv and Rt) showed vast differences between the surfaces. As previously discussed, O'Hanley [25] used the Ra and the Rz value to characterise if the surface is rough or smooth. This method characterises the brass surface to be rough and the copper and stainless steel surfaces to be between smooth and rough.
Flow patterns
A dominating factor in both heat transfer and pressure drop are the prevailing flow patterns. The flow patterns were similar for all surfaces, with differences only at low heat fluxes. This is in agreement with Karayiannis et al. [2] who also found the only variance in flow patterns between tubes with different manufacturing methods -cold drawn and welded -to be at low heat fluxes. Their work concluded that these differences were due to the welded tube being much smoother with only some anomalies or debris distributed non-uniformly along the tube. These may or may not act as nucleation sites (depending on location and shape). Hence nucleation in the welded tube may commence at a smaller number of locations compared to the cold drawn stainless steel tube described in [2] which has uniform scratches along the tube -hence more possible nucleation sites. The dominant flow pattern for all three test sections was annular flow. The flow patterns were based on the classifications by [39] of bubbly, slug, churn and annular flow. For the copper and brass test section, slug flow was briefly seen at low heat fluxes before becoming churn flow and annular flow. Only annular flow was seen for the stainless steel test section even at the low heat fluxes tested, see Fig. 12 . Based on an inlet pressure of 1.85 bar and a mass flux of 300 kg/m 2 s, annular flow was seen at a heat flux of 7.8 kW/m 2 in comparison with 8 kW/m 2 for copper and 10 kW/ m 2 for brass. Slug flow was not seen as frequently at the higher inlet pressure of 2.45 bar for copper but was still present in brass.
The above flow patterns relate to the heat flux being increased. Interestingly, when the heat flux was decreased, the full range of flow patterns were observed. Fig. 13 shows these flow patterns in terms of the heat flux and vapour quality for the stainless steel test section at a pressure of 2.45 bar and a mass flux of 300 kg/m 2 s. As with the increasing heat flux, the heat fluxes at which these flow patterns were observed varies with the tube material. Bubbly flow Table 1 Surface parameter readings for stainless steel and brass with a 0.025 mm cut off.
Material
Average roughness, Ra (lm) was only seen at the lowest heat fluxes for all three materials. The flow patterns seen in Fig. 13 were observed for all of the materials, across the whole range of pressure, mass flux and heat flux.
Pressure drop
The measured pressure drop increased with heat flux and mass flux, see Fig. 14. Brass has a higher measured total pressure drop, with a much steeper increase with heat flux for two phase flow. The effect of mass flux on pressure drop is less in the brass tube than in the stainless steel and copper tube for the range studied. This suggests that surface characteristics do have an effect on the two phase pressure drop. Although the roughest surface, brass, has the highest pressure drop, there is no clear trend between the two phase pressure drop and average surface roughness. As seen in Fig. 15 , brass has the highest measured pressure drop. It can be noted that the maximum heat fluxes seen in Fig. 15 occur at different exit vapour qualities, mainly due to the experiments being stopped for copper and brass due to instabilities. The exit vapour quality is highest for stainless steel, at 1, compared with 0.56 for brass and 0.39 for copper. The total pressure drop is the summation of frictional, gravitational and acceleration components. A comparison demonstrated that the percentage that each component contributed was very similar for all tubes, i.e. the greatest contributor is friction, responsible for approximately 85% of the pressure drop at higher vapour qualities. Some differences occurred only at small exit vapour qualities, i.e. acceleration contributes a higher percentage of the pressure drop for stainless steel at vapour qualities less than 0.1.
The experimental data was compared with predicted data from pressure drop correlations. None of the correlations showed satisfactory results for any tube material, see Table 2 . This was expected due to the large pressure drops recorded for this refrigerant compared to for example R134a [40] . Note that this refrigerant was not included in the data bank used to obtain any of these correlations. There was no one correlation which was the best for all three materials. Lockhart and Martinelli [41] , which is a macroscale correlation, performed better across three materials. Generally, the predictions for copper are the worst even though the predicted measured pressure drop falls in the middle of the three materials, see Fig. 15 . The correlation of Zhang et al. [42] and the homogenous model also performed well for all three materials. The frictional component of the pressure drop for the homogenous model is based on the liquid only friction factor which is similar for all the tubes, see Eq. (19) [43] .
The remaining pressure drop correlations use a function of X to define the two phase frictional multiplier, where X is calculated from:
This includes a function of the liquid and vapour friction factor, which vary greatly between the tubes, mainly due to the difference in the measured pressure drop. The friction factors are calculated based on the laminar flow theory and the Blasius [31] equation. The Reynolds numbers are calculated from Eqs. (21) and (22), for the liquid and vapour regions respectively.
The two phase pressure drop is predicted based on the single phase prediction multiplied by a two phase frictional multiplier, which is mainly based on the fluid properties and is different for each correlation. For example, the frictional pressure drop for the homogenous model can be calculated from Eq. (23) but for the Lockhart and Martinelli [41] the frictional pressure drop is calculated from Eq. (24).
where / 2 L is calculated using Eqs. (20) and (25) respectively.
The Lockhart and Martinelli [41] correlation uses a set value of the Chishom constant, C, to calculate the two phase frictional multiplier based on whether the gas and liquid is in a laminar or turbulent state. The Zhang et al. [42] is based on fluid properties and channel diameter, the latter being the same for all channels. The data predicted within ±30% is notably better for stainless steel than brass and copper with the Lockhart and Martinelli [41] and Zhang et al. [42] . Zhang et al. uses the Laplace constant which includes surface tension and density, both of which will change with heat flux. Figs. 17 and 18 represent the predictions of the Lockhart and Martinelli [41] and the Zhang et al. [42] correlations at both inlet pressures. These graphs represent the results for the best performing macro scale and micro scale correlations respectively. It can be seen that there is no improvement in prediction with the micro scale correlation. The effect of inlet pressure on the measured pressure drop was most evident for stainless steel at high heat fluxes which showed up to 30% difference, as opposed to brass which demonstrated minimal difference, see Fig. 16 . A difference was seen with copper but only at the highest heat fluxes. Although the pressure drop correlations include a function of mass flux, this does not account for the increase in 
Although this correlation showed varying results for the different materials, the predicted pressure drop was over predicted and showed poor agreement with the experimental results. The highest predicted pressure drop is that of copper, followed by stainless steel and then brass. This does not follow the same trend as the measured pressure drop and is the reverse trend of the average roughness values. Brass showed the best agreement, with 25.4% of the data predicted within ±30% with a mean absolute percentage error of 77.3%. The worst performing was stainless steel, with a b value of 1.3%, where the measured pressure drop is the lowest. Del Col et al. [44] noted that this correlation over predicts at low liquid only Reynolds numbers, which is seen here where the experimental data is at low liquid only Reynolds numbers.
Heat transfer
The flow boiling heat transfer results are compared based on plots of the heat transfer coefficient versus local vapour quality and axial location for different heat flux and mass flux values. It can be seen that the magnitude and the trend of the local heat transfer coefficient is similar for both stainless steel and brass, see Figs. 19 and 20. However, the heat transfer coefficient curve is smoother for brass than stainless steel, which has peaks. These peaks are thought to be the result of surface flaws or scratches, which can form nucleation sites. This can be inferred based on the fact that these peaks in heat transfer coefficient values are seen only after nucleation occurs. Also, when the heat transfer coefficient is plotted as a function of axial location, it is clear that the peaks occur at the same axial location for all heat fluxes and mass fluxes again indicating a local surface characteristic or flaw/scratch resulting in higher local heat transfer coefficients, see Fig. 20a . The fact that the results for the two tubes are similar (except the local peaks of course) are in agreement with Liu [4] who found no significant difference in the trend or magnitude of the local heat transfer rates between stainless steel and brass. The heat transfer coefficient of copper does not show the same increasing trend as with brass and stainless steel, with only a small increase at the tube exit. In general, the heat transfer over the tube length is lower for copper than that of the other two materials, see Fig. 21 . Fig. 21 shows that at low vapour qualities, x < 0.35, there is no clear effect of surface characteristics. At higher vapour qualities, the roughest surface has the highest heat transfer and the smoothest has the lowest. This is not seen across the whole mass flux and pressure drop range, which is in agreement with Jones et al. [6] , i.e. surface characteristics may be important in certain circumstances or ranges. The onset of nucleate boiling can clearly be seen for copper, with a jump in the heat transfer coefficient. For the higher pressure, this point occurred at a lower heat flux for copper when compared with the stainless steel and brass tubes, where the onset of nucleate boiling occurred at higher but similar heat fluxes. Copper, being the smoothest surface, has the lowest heat transfer coefficient for all mass fluxes and heat fluxes tested. One would expect the highest heat transfer coefficient to occur in the roughest tube, i.e. the brass test section. However, this is not exactly the case for the entire range of heat and mass fluxes studied. For certain values of the above quantities, the heat transfer coefficient is higher in the brass tube compared to the stainless steel tube but for a different range of values the opposite is true. Unfortunately, we could not detect, at this stage, a trend when trying to access this complex dependency of the heat transfer coefficient on mass and heat flux in relation to surface roughness (Ra). Fig. 22 shows the boiling curve at an axial location of 0.075 m, representing the entry region of the tube. It shows that the onset of nucleate boiling occurs at similar heat fluxes for copper and stainless steel. Flow observation with these measurements showed differences in the flow patterns observed at the exit of the tube at the onset of nucleate boiling. For the copper tube, slug flow was The onset of nucleate boiling occurs at a higher heat flux and greater wall superheat for brass. After the onset of nucleate boiling, the wall superheat is lowest for stainless steel and brass remains at the highest wall superheat. Wall superheat is related to the surface characteristics in terms of the size of the active nucleation sites [51] . Larger nucleation sites require a smaller wall superheat to active, suggesting that brass has smaller nucleation sites which require a higher wall superheat to activate. Cornwell and Brown [52] found the relationship between the wall superheat and the active nucleation site density for pool boiling to be:
Based on the above equation, brass would have a highest number of active nucleation sites and copper the lowest. This trend is in agreement with the average surface roughness values. There is approximately 30% difference between the average roughness values and the wall superheat for stainless steel and copper. Brass is over 200% higher in average roughness values and wall superheat. This suggests that there is some dependence on the average roughness but this can only be verified by a comparison over a wider range of average roughness values.
Zou and Jones [8] concluded that the nucleation site density correlated well with the surface heat flux. They also found copper to have a lower wall superheat at a given heat flux and a better heat transfer performance in comparison with stainless steel. The similarity between the two materials in terms of nucleation site density, bubble departure size and growth rate led them to state that the differences in the heat transfer between the surfaces were due to the thermal conductivity and not surface characteristics. Copper has a much higher thermal conductivity compared with stainless steel, resulting in the conclusion that a higher thermal conductivity equated to a lower surface temperature, lower wall superheat and better heat transfer performance. The current work disagrees with this finding noting copper to have the worst heat transfer performance compared with stainless steel and brass. At the onset of nucleate boiling, copper did have the lowest wall superheat but stainless steel has the lowest superheat over the heat flux range hence disagreeing with [8] . At the same time, brass has a higher thermal conductivity than stainless steel but also a higher wall superheat. Furthermore, copper with the highest thermal conductivity resulted in wall superheat in the middle of the two tubes tested. Therefore, the present study indicates that the variation in thermal performance is not necessarily due to thermal conductivity differences but could be due to differences in surface characteristics. Further work may be necessary in this area.
Examination of Fig. 23 shows little effect of mass flux at a given heat flux for stainless steel and brass up to a vapour quality of 0.2. At x > 0.2, the mass flux effect is evident. However, when the heat transfer coefficient is plotted as a function of the axial location, see Fig. 24 , there is no evidence of mass flux effect. These graphs also show that not only the magnitude but also the corresponding local vapour quality is similar for all mass fluxes for both tubes, i.e. at a mass flux of 200, the vapour quality is 0.44. It is not surprising that the vapour quality is similar as the flow patterns for each mass flux, at a heat flux of 17 kW/m 2 , are the same. Copper shows no effect of mass flux, regardless of the vapour quality and irrespective of whether you examine Fig. 23 or Fig. 24 . At a mass flux of 100 kg/ m 2 s, the heat transfer coefficient is similar for all of the materials. At high heat fluxes, annular flow is evident for all materials. The flow patterns differ at low heat fluxes, with brass and copper having slug flow unlike stainless steel, which shows direct transition from single to annular flow with increasing heat flux.
The present results were compared with heat transfer correlations from the literature. The comparative results are included in Table 3 in terms of b and MAE. In these terms, the correlation of Mahmoud and Karayiannis [53] developed using R134a data, performed better for all three materials, although the comparison is considerably better for stainless steel and copper. Many of the correlations [54] [55] [56] [57] do not include a vapour quality function and therefore give a constant value for the heat transfer coefficient with quality at each heat flux, Fig. 25 . The other correlations, besides that of Kew and Cornwell [58] , predict the heat transfer to decrease with increasing vapour quality, which is not seen in the results. As none of the correlations, besides that of Mikielewicz [56] , include a function of surface characteristics, the same heat transfer coefficient is predicted for all three channels as the channel diameter and fluid is the same. The Mikielewicz [56] correlation uses the Cooper [59] correlation, as given below, for pool boiling which includes the Rp value but only accounts for a small part in the correlations, see Eq. (29) . Note that the Rp value used for the Cooper [59] correlation is the old version, defined in DIN 4762/1:1960. The Rp value has since been redefined in the ISO standards [23] . Gorenflo [60] suggested the Rp, old value could be estimated from Eq. (28).
Rp; old % 0:4 Ra ð28Þ h nb ¼ 55P 0:12À0:4343lnRp r ðÀ0:4343lnP r Þ À0:55 M À0:5 q 0:67 ð29Þ
In general, the correlations perform better for the copper tube which does not have the sharp increase in heat transfer coefficient at high vapour qualities.
Conclusions
The main conclusions reached in this study are summarised below:
The structure of a surface defines the size and number of nucleation sites, which could affect the flow boiling patterns, pressure drop and heat transfer characteristics in a tube, especially as the diameter diminishes. The technique used in analysing a surface and processing the data could result in different surface data and this needs to be considered by the research community. The analysis of the stainless steel, copper and brass tubes through SEM and CFLM showed a difference in the structure of the surface. The same manufacturing process was used for all test sections, suggesting that the differences in the surface structure are due to the material. The average roughness, as well as other surface characteristics such as the maximum profile peak and maximum height, vary significantly between these surfaces.
For all three materials, the pressure drop was seen to increase with mass flux, although this is less evident with brass. The pressure drop for brass showed a steeper increase with increasing heat flux and also a higher magnitude of pressure drop for all mass fluxes. The floor distance to mean line (Fp), was very similar for both stainless steel and brass but the pressure drops were vastly different, which was not inferred by the values of Fp. The Fp value was lowest for copper but this has a pressure drop in the middle of the other two materials. The corresponding differences in the heat transfer coefficient in the stainless steel, brass and copper tubes appear to be smaller. Some differences are obvious however, namely the peaks in the profile of the heat transfer coefficient in the stainless steel tube, which could be due to different surface characteristics or surface flaws. There is no clear link between the surface roughness and the changes in the heat transfer coefficient, with the differences in the surface roughness being greater than the differences seen for the heat transfer coefficients. This interim conclusion, i.e. that the material itself does not have a significant effect on the heat transfer coefficient seems to concur with past reports in this area. However, the number of studies is small and we plan to continue testing within this field to aid in getting a final conclusion. In addition, it has been shown earlier that different manufacturing methods can produce significantly different surface characteristic and significantly different flow boiling heat transfer coefficients in small to micro tubes.
The correlations used, for both pressure drop and heat transfer, do not include any function of surface characteristics. There was limited success in comparing the present results for this fluid with pressure drop correlations. There was not one pressure drop correlation which performed best across the three materials. The heat transfer correlations proposed by Mahmoud and Karayiannis [53, 57] , performed better overall than the other heat transfer correlations for all materials. Further assessment of these relationships is currently underway with a larger databank.
